Under conditions of lymphopenia, transferred naive T cells can undergo marked proliferation (1, 2) as a result of both T cell-receptor engagement and cytokine stimulation. Naive T cells that undergo this homeostatic proliferation also acquire characteristics of memory and effector cells as measured by phenotype, by hypersensitivity to antigen stimulation, and by increased production of IFN-γ. This phenomenon has been observed following the adoptive transfer of either naive, transgenic T cells or of polyclonal, wild-type T cells. Recent studies using recombination-activating gene-deficient (Rag -/-) mice, CD3ε-deficient mice, and irradiated normal mice as recipients have shown that memory T cells do not revert to naive T cells under these conditions to fill the peripheral naive T cell pool, as originally postulated. Rather, after lymphopenia, homeostasis-driven proliferation restores only the memory T cell compartment, whereas thymopoiesis is required to reconstitute the naive T cell compartment (3, 4) .
Cytokines and dendritic cells contribute to the induction and maintenance of homeostatic T cell proliferation. Using a coculture system without foreign antigen, Ge et al. (5) demonstrated that such proliferation requires interaction of the T cell receptor with self-peptide MHCs on dendritic cells. In vitro, this response also requires dendritic cell-derived IL-15 and can be inhibited by the introduction of CD4 + CD25 + regulatory T cells. In animals recovering from lymphopenia following bone marrow transplantation (BMT), dendritic cells also expedite T cell reconstitution and activation (6, 7) . Recent studies show that IL-7 and IL-15 jointly regulate homeostatic proliferation of memory phenotype CD8 + T cells (8, 9) , whereas IL-7 on its own enhances naive T cell survival (10).
Lymphopenia and antitumor immunity
Studies in the late 1970s provided the first evidence that the induction of lymphopenia by sublethal total body irradiation might be beneficial for the treatment of tumors in mice (11) . In one such study, irradiation performed 6-8 days after tumor cell injection, when the tumors were first palpable, led in some instances to the complete regression of subcutaneous MCA-1315 tumors in BALB/c mice. Crucially, this total body irradiation did not affect the tumor itself; rather, tumor suppression occurred because of the removal of host lymphoid cells. In related studies using an MCA-1425 sarcoma, sublethal irradiation was shown to produce a lesser, transient effect, apparently correlating with its lower level of inherent tumor immunogenicity in vivo.
Induction of lymphopenia has also been found to be critical for the specific localization (homing) of radiolabeled immune long-lived small lymphocytes (LLSL) to syngeneic tumors (12) . Adoptive transfer of immune LLSL into tumor-bearing mice led to selective localization, but only when host animals were subjected to sublethal levels of total body irradiation prior to the introduction of these cells. Because the dose of radiation used in these experiments depleted cells in the lymphoid compartments, recirculating lymphocytes, nonspecifically localizing in tumors, were originally proposed to exit from these tumors and to help reconstitute the lymphocytes killed by irradiation, thereby increasing the relative proportion of lymphocytes specific for tumor-specific transplantation antigens in the respective tumors (12) . However, the implication of these early findings has become clear only recently, nearly 25 years later.
Defining the preconditions for antitumor immunity
In this issue of the JCI, Dummer and colleagues (13) tested whether adoptive transfer of a polyclonal population of lymph node cells into lymphopenic animals could confer anti-tumor immunity by eliciting the proliferation of T cells specific for nonmutated self-antigens on tumor cells. They observed that B78D14 melanoma growth could be suppressed by adoptive transfer of lymph node cells into sublethally-irradiated mice and could also be modestly inhibited by irradiation alone, possibly due to homeostatic proliferation of host-derived T cells. This anti-tumor response depended on the transfer of a polyclonal population of CD8 + T cells, as mice irradiated and transfused with a T cell clone specific for a non-tumor associated antigen proliferated but failed to promote anti-tumor immunity. The cells that mediated the antitumor immune response manifested cytolytic activity and secreted IFN-γ in vitro when stimulated briefly with the relevant melanoma.
Dummer et al. (13) also found that CD4 + and CD8 + T cells from the transferred inoculum could undergo extensive proliferation in secondary lymphoid tissues. This proliferation, they argue, is essential for infiltration of effector cells into the tumor site. Thus, adoptive transfer of wild-type lymph node cells into irradiated lymphotox- The lymphopenic environment may be favorable for immunotherapy targeting nonmutated, tumor-associated self-antigens.
in-α−deficient mice, which lack lymph nodes and show perturbed architecture of splenic white pulp, led to homeostatic proliferation in the spleen but failed to confer anti-tumor immunity. Similarly, irradiated wildtype mice enjoyed no protection from tumor growth when they were transfused with lymph node cells deficient in β7 integrin and CD62L -adhesive molecules that are required for entry into peripheral lymph nodes. The present finding that donorderived T cells in transfused animals infiltrate extensively into the tumor tissue (13) extends an earlier observation (12) that adoptively transferred, radiolabeled lymphocytes localize specifically to tumors following the induction of lymphopenia. At first glance, however, the data appear at odds with those reported in the late 1970s by Hellstrom et al. (11) . In the latter study, the inhibition of tumor growth by total body irradiation of mice carrying small tumors could be blocked (indeed, tumor growth was actually facilitated in some instances) by the adoptive transfer of naive syngeneic spleen T cells. The discrepancy in the outcome of these two studies may not be related to any differences in the tumor types employed, but rather to the source of T cells transferred. The injection of relatively large numbers of whole spleen cells has been shown to tolerize virgin T cells in vivo (14, 15) Another potentially important cell type, which could well have been present in one or the other of these inocula, is the CD4 + CD25 + regulatory T cell. Such cells potently inhibit the proliferation of naive T cells cocultured with dendritic cells (5) . The different antitumor effects observed in the recipient, lymphopenic tumor-bearing mice might therefore be explained by the presence of this inhibitory cell type in the spleen but not in the lymph node. Indeed, Dummer et al. found that depletion of these regulatory cells in the lymph node-derived inocula did not influence the outcome of the cell transfer; as might be expected if this cell subset is poorly represented, tumor inhibition remained incomplete in either the presence or absence of CD4 + CD25 + regulatory T cells. The hypothesis that the spleen contains more such cells -and that they limit the ability of splenic T cell preparations to undergo optimal homeostatic expansion and suppress host tumors -remains to be tested.
The current study also raises an issue about the mechanisms of homeostasisdriven T cell proliferation during lymphopenia. Despite the common assertion that simply making space (the so-called "Lebensraum effect") induces such T cell proliferation, the selective depletion or elimination of CD4 + CD25 + regulatory T cells following total body irradiation may also contribute to homeostatic proliferation by removing an impediment to naive T cell proliferation. Evidence for an inhibitory effect of CD4 + CD25 + cells comes not just from the cell coculture work described above (5), but also from in vivo observations indicating that these cells inhibit autologous T cell proliferation in human lung cancer patients (16) and that their selective removal can enhance tumor vaccine efficacy in mice (17) . The negative findings in the present study (that CD4 + CD25 + cell depletion from lymph node preparations has no effect on T cell-dependent tumor suppression; ref. 13 ) does not exclude a role for these regulatory cells, but suggests that the number of donor CD4 + CD25 + cells in these preparations is relatively low. Most likely, both the depletion of endogenous host CD4 + CD25 + cells and the appearance of more physical space for newly proliferating T cells are key to homeostatic expansion of T cells in lymphopenic animals, and thus to the successful suppression of tumors by adoptively transferred naive T cells.
Lymphopenia, homeostasis-driven T cell proliferation, and tumor vaccines
Inducing a lymphopenic state with subsequent induction of homeostasisdriven T cell proliferation offers several potential advantages for active vaccination against tumors. First, sublethal total body irradiation or other regimens to induce lymphopenia may in some cases reduce or eliminate tumor-induced immune suppression (18) . Second, lymphomyeloid reconstitution of either donor or host origin may overcome inherent defects in T cell signaling, processing, or presentation, and may strengthen the costimulatory functions of antigen-presenting cells (19) . Third, immunization following the induction of lymphopenia may serve to educate the developing T cell repertoire to tumor antigens and thus may be more efficacious in this environment (15) .
There is now mounting evidence in several settings that dendritic celldirected responses to antigens are particularly efficient at early stages of T cell reconstitution following lymphopenia. Thus, as the authors of the current study point out, an antiviral effect observed by Oehen and Brduscha-Riem (20) in homeostatically-expanding lymphocytic choriomeningitis virus-specific transgenic T cells depends on the presence of the antigen at the early stages of the expansion. Another study (21) evaluating the effects of transplanted bone marrow cells on the host immune system during early lymphoid reconstitution following lethal total body irradiation showed that dendritic cells pulsed with whole tumor lysates can prime specific and long-lasting antitumor immune responses under these conditions, allowing the recipient animal to reject a challenge with a syngeneic breast tumor or to reduce the growth of established tumors. Spleen T cells obtained from mice immunized with tumor lysate-pulsed dendritic cells after bone marrow transfer showed increased production of tumor-specific IFN-γ, as was also seen in the current study (13) . Interestingly, although the systemic administration of recombinant IL-7 might have been expected to expedite lymphoid reconstitution following BMT, we have found that this treatment actually eliminates successful immunization (W. Asavaroengchai and J.J. Mulé, unpublished results), suggesting that maintenance of the lymphopenic state during antigen presentation is required for generating antitumor immunity by the dendritic cell-based vaccine; hastening immune recovery therefore appears to be counterproductive. Likewise, recent related work by Bacci et al. (6) shows that injection of dendritic cells pulsed with yeast RNA as early as one day after lethal total body irradiation and allogeneic BMT efficiently promotes antifungal protective immunity. Of interest, the dendritic cell immunizations were shown to both increase the number and accelerate the functional recovery of Candida-specific IFN-γ donor T cells early on during recovery from lymphopenia.
Finally, Hu et al. (22) have now reported that tumor-specific T cells can preferentially expand in tumor vaccine-draining lymph nodes following a melanoma vaccine. To model the effects of immune reconstitution without need for irradiation of the host, these authors used RAG1-deficient mice that were transfused with naive T cells from normal mice. They found that both tumor specific Tc1 and Th1 cells increased dramatically in vaccinated, reconstituting RAG1 hosts compared to controls. Functionally, the T cells exhibited a higher level of melanoma-specific cytotoxicity in vitro and were significantly more potent at mediating tumor regression upon adoptive transfer into recipients bearing lung metastases than were cells from similarly immunized but fully immunocompetent animals. Significantly, vaccination was best performed concomitantly with reconstitution, as delayed vaccination resulted in T cells with less antitumor potency as lymphopenia waned.
Consistent with this growing body of work, the current study by Dummer and colleagues (13) demonstrates that the lymphopenic environment may be favorable for immunotherapy targeting nonmutated, tumor-associated self-antigens. To date, studies of homeostasis-driven T cell proliferation have been limited to the mouse. Whether or not a similar phenomenon can be reproduced in humans remains to be determined. One hurdle, of course, will be how best, and by what means, to measure homeostasis-driven T cell proliferation in lymphopenic patients. Another will be to understand the timing of this event and to determine whether immunization at a critical point in homeostasis-driven T cell proliferation is necessary to achieve effective or superior immune priming in vivo. Given the exciting findings in animal tumor models, clinical trials to test vaccine efficacy in the setting of lymphopenia and homeostasis-driven T cell proliferation in cancer patients seem warranted.
